Melanin pigments are ubiquitous in nature and are produced by a variety of organisms, including bacteria, fungi, plants, and animals (12) . The structure and function of melanins are poorly understood (12) . Melanins are insoluble polyanionic molecules which contain stable populations of free radicals (8) . Melanin-like pigments appear to be important for the virulence of several pathogens, including Cryptococcus neoformans (18, 27) , Wangiella dermatitidis (6) , and Mycobacterium leprae (33) . Fungal melanins are complex pigments which are produced by at least two different synthetic pathways, depending on the organism (9, 33) . C. neoformans produces black melanin-like pigments in media containing phenolic substrates such as L-dopa. In C. neoformans, synthesis of melanin-like pigments is catalyzed by a phenoloxidase which is a laccase (CNLAC1) (36) . C. neoformans pigment production has been associated with virulence (17, 18, 27) , and histochemical staining suggestive of melanin has been described for human brain tissue (16, 28) . However, the mechanism by which pigments enhance virulence is poorly understood. Pigmented cells are less susceptible to free-radical killing, suggesting that the melanin-like pigment protects against oxidants produced by host effector cells (14, 31) . Pigmented cells are also less susceptible to the antifungal agent amphotericin B, and this may contribute to persistence of infection in humans (32) . In this study, the black pigment of C. neoformans is shown to be a type of melanin, melanized cells are shown to be more resistant to murine macrophages than nonmelanized cells, and electron spin resonance (ESR) spectroscopy is used to demonstrate electron transfer to or from melanin in fungal cells.
(The data in this report are from a thesis to be submitted by 
MATERIALS AND METHODS
C. neoformans. Strain 24067 (American Type Culture Collection, Rockville, Md.) was maintained in Sabouraud dextrose agar (Difco Laboratories, Detroit, Mich.). Pigmented and nonpigmented cells were obtained by growing yeast cells in defined minimal medium (15 mM glucose, 10 mM MgSO 4 , 29.4 mM KH 2 PO 4 , 13 mM glycine, 3.0 M vitamin B 1 [Sigma Chemical Co., Cleveland, Ohio]) with or without 1.0 mM L-dopa (Sigma), respectively, as described previously (31) .
ESR. ESR spectra of whole C. neoformans cells and purified black pigment were obtained with a model ER 200D EPR/ENDOR spectrometer with ESP300 upgrade (Bruker Instruments, Inc., Billerica, Mass.) operating at X-band (9 GHz). The microwave frequency was measured with a Systron-Donner counter. Parameters for ESR were as follows: modulation frequency, 100 KHz; modulation amplitude, 1.433 G; center field, 3310.0 G; sweep width, 100.0 G; microwave frequency, 9.2995 GHz; microwave power, 15.9 mW; and temperature, 77 K. The intensity of the melanin ESR signal was estimated by double integration. A solution of 5 ϫ 10 Ϫ4 M CuSO 4 and 1 ϫ 10 Ϫ3 M EDTA in 3 M NaClO 4 (pH 7.0) was used as a standard for calculating melanin free-radical density. The ESR spectra of melanized C. neoformans cells in alkaline pH, acid pH, the presence of Zn 2ϩ ions, and after visible light illumination from a 300-W slide projector bulb for 15 min were studied. These conditions were used because they result in changes to the intensity of melanin ESR spectra which have been used to define melanins (8) .
Transmission electron microscopy. Pigmented and nonpigmented C. neoformans cells (day 8 of growth) were washed twice in 0.02 M phosphate-buffered saline (PBS) and fixed in 2% glutaraldehyde for 2 h. The cells were then incubated overnight in 4% formaldehyde-1% glutaraldehyde-0.1% PBS; 1.5 h of postfixation in 2% osmium followed. Dehydration was accomplished by serial washing in graded ethanol solutions of 50 to 95% for 10 min, followed by two final washes in 100% ethanol for 15 min. Cells were embedded in Spurr's resin, and transmission electron microscopy pictures were obtained with a model 102 electron microscope (Siemens, Berlin, Germany).
Macrophage experiments. J774.16 is a mouse macrophage-like cell line which has been used to study the C. neoformans interaction with macrophages (23) . In the presence of capsule-binding monoclonal antibodies (MAbs), J774.16 cells reduce C. neoformans CFU by 2 h through a combination of fungicidal and fungistatic effects (23) . Phagocytosis and CFU assays for melanized and non-melanized C. neoformans cells were performed in the presence and absence of MAb 2H1 as described previously (23) . Macrophage assays were done with C. neoformans cells grown in minimal medium for 6 days in the presence (melanized) or absence (nonmelanized) of 1 mM L-dopa. The ratios of macrophages to C. neoformans cells were 1:1 and 20:1 for phagocytosis and CFU assays, respectively. Percent survival of C. neoformans was obtained by comparing the number of CFU after macrophage coincubation with the number of CFU in a suspension not exposed to macrophages. To determine whether ingestion of melanized cells was toxic to macrophages, J774.16 cells were incubated with MAb 2H1 opsonized heat-killed melanized C. neoformans cells for 36 h, and macrophage cell viability was determined by trypan blue staining.
Surface hydrophobicity. Surface hydrophobicity was determined by OctylSepharose CL-4B (Sigma) hydrophobic interaction chromatography (15) . Briefly, pigmented or nonpigmented C. neoformans cells were mixed with 1 ml of the gel for 30 min at room temperature in 20 ml of attachment buffer [ Experiments with chemically generated nitrogen-and oxygen-derived radicals. C. neoformans killing after exposure to nitrogen-and oxygen-derived reactive species was determined as described previously (32) , except that the H 2 O 2 concentration used in the epinephrine oxidative system was 1 mM. The interaction of chemically generated reactive species and cell wall pigment was studied by comparing the intensities of the ESR signal in the presence and absence of chemically generated reactive species. For the interaction with oxygen-derived radicals, equal numbers of pigmented cells (10-day growth) were suspended in 25 mM MOPS (morpholinepropanesulfonic acid; pH 7.01; Sigma) containing the reagents of the epinephrine oxidative system (31) with and without H 2 O 2 , respectively, and the ESR spectra were recorded. For the interaction with nitrogenderived oxidants, equal numbers of pigmented cells (10-day growth) were suspended in 25 mM succinic acid (pH 4.17) with 0.5 mM NaNO 2 and distilled water (pH 4.17 adjusted with HCl), respectively, and ESR spectra were recorded. Control experiments with C. neoformans suspended in either succinic acid or 0.5 mM NaNO 2 revealed no effect of succinic acid or NaNO 2 on the intensity of the pigment ESR spectra. Double integration was used to quantify pigment ESR signals. Fourier transformation was used to smooth ESR spectra.
Pigment-deficient mutant. UV irradiation was used to generate a mutant deficient in pigment production. Briefly, cells were grown in Sabouraud dextrose agar (Difco) plates for 72 h at 30ЊC, collected, washed, and suspended in PBS (10 7 cells per ml). The suspension was placed in a petri dish (100 by 15 mm; Becton Dickinson Labware, Lincoln Park, N.J.), irradiated with 60 to 65 mJ of UV light (245 nm) per cm 2 in a Stratalinker 1800 (Stratagene, La Jolla, Calif.), plated on Sabouraud dextrose agar (Difco), and incubated at 30ЊC for 2 days. Plates with 100-fold killing were replica plated to L-dopa plates (1.0 mM L-dopa in minimal medium and 1.5% agar). The pigment-deficient mutant (mel) was identified as a white colony on L-dopa plates. The parental strain and the mel mutant did not differ by electrophoretic karyotyping, urea agar hydrolysis (Becton Dickinson Microbiology Systems, Becton Dickinson and Co., Cockeysville, Md.), growth at 37ЊC, capsule size (by India ink), and growth on minimal plates. Electrophoretic karyotyping was done with a CHEF-DR III (Bio-Rad Laboratories, Hercules, Calif.) with 0.5ϫ Tris-borate-EDTA at 6 V/cm with a 60-s switching time for 16 h followed by a 90-s switching time for 9 h with minor modifications of existing protocols (24) . Southern blot analysis of parental and mutant DNA was done as described previously (3) by using as a probe a phenoloxidase gene DNA fragment amplified by the PCR with primers (5Ј CCTCTCGCGCACCTCTACGTT and 5Ј AGCTGTGCAGTTTGTTTGGCC) designed from the published sequence (35) .
Phenoloxidase activity. Phenoloxidase activity was measured by a modification of published protocols (13) . Briefly, C. neoformans was grown in 10 ml of 2% glucose-2% yeast extract at 30ЊC overnight, after which 145 ml of minimal medium was added and the culture was grown for another 24 h. The cells were collected and grown again for 5.5 h in minimal medium without glucose. The cells were collected, washed, and suspended in 50 mM NaH 2 PO 4 -0.5 M NaCl (pH 6.3) buffer with 100 g of the protease inhibitor phenylmethylsulfonyl fluoride per ml. The cells were broken on ice by sonication at 40% power (300 W) and a frequency of 20 kHz for 10 min in a Sonic Dismembrator (model 300; Fisher Scientific). The lysate was clarified at 0ЊC by centrifugation at 47,807 ϫ g in an SS-34 rotor (Dupont Co., Wilmington, Del.) for 3 h and concentrated with a Centricon-3 spin column (Amicon, Inc., Beverly, Mass.). Protein concentration was determined with the Bio-Rad protein assay. Equal amounts of concentrated protein extract from 24067 and Mel Ϫ strains were separated by 10% polyacrylamide gel electrophoresis without sodium dodecyl sulfate. Gels were stained with 1 mM L-dopa in 0.1 M citric acid-0.2 M Na 2 HPO 4 (pH 6.0) buffer. Phenoloxidase catalyzes the production of melanin pigment which is deposited in the gel at the position of the phenoloxidase protein. The gel was screened in a computing densitometer (Molecular Dynamics, Sunnyvale, Calif.) to measure the amount of pigment made.
Mouse studies. The virulence of parent and mel mutant strains was studied in A/J mice (Jackson Laboratories, Bar Harbor, Maine) by determination of organ colony counts at 4 and 7 days after intraperitoneal infection with 5 ϫ 10 6 yeast cells as described previously (22) .
Statistics. Comparisons between groups were done by t test or chi-square statistics by use of Primer of Biostatistics 3/e version 3.0 Software (McGraw-Hill, Inc., New York) or Excel (GreyMatter International, Inc., Cambridge, Mass.).
RESULTS

Identification of the pigment in C. neoformans as a melanin.
ESR spectroscopy is valuable for studying melanins because these pigments contain stable populations of free radicals (8) . ESR spectra of 8-day-old C. neoformans cells grown with Ldopa (pigmented) revealed a signal with a g value of 2.004 and a line width of 4.69 G (Fig. 1A) . Purified C. neoformans pigment produced identical spectra (data not shown). No ESR signal was present for nonpigmented C. neoformans cells (Fig.  1B, C, and D) . Apart from having characteristic ESR spectra, the intensity of melanin ESR signals has been shown to change with the following conditions: boiling (no change), low pH (decrease), high pH (increase), illumination with visible light (increase), and addition of Zn 2ϩ (increase) (8) . The ESR intensity of purified C. neoformans pigment was not affected by boiling (data not shown). Illumination of pigmented C. neoformans cells with visible light increased the intensity of the ESR spectra 2.8-fold, suspension in solutions of pH 2.0 or 12.0 changed the intensity of pigmented C. neoformans cell ESR spectra to 0.76-and 1.9-fold, respectively, of that measured at pH 7.0, and addition of 0. suspensions increased the ESR signal more than 3.6-fold. These ESR features are indicative of a stable free-radical population in pigmented C. neoformans cells like that described for melanins and define the black pigment of C. neoformans as a melanin (8) . Pigmented cells are henceforth referred to as melanized. No signal was detected for cells grown in the absence of L-dopa or for a melanin-deficient mutant in the presence or absence of L-dopa (Fig. 1B, C, and D) . Electron micrographs of melanized and nonmelanized cells revealed that the electron density of the cell wall was increased in melanized cells (Fig. 2) .
Interaction of nitrogen-and oxygen-derived free radicals with cell-associated melanin. ESR spectroscopy was used to study whether chemically derived free radicals affected the intensity of the free-radical signal of cell-associated melanin. Sodium nitrate in succinic acid produces nitrogen-derived radicals, including nitric oxide (1) . The intensity of the melanin ESR signal from melanized cells in a solution of 0.5 mM NaNO 2 in 25 mM succinic acid increased 48% relative to that of an equal number of melanized cells suspended in water (electron spin concentrations increased from 1.53 ϫ 10 Ϫ7 to 2.23 ϫ 10 Ϫ7 M, spectra B and A, respectively) (Fig. 3) . Suspension of melanized cells in either 25 mM succinic acid or 0.5 mM NaNO 2 solutions had no effect on melanin ESR signal intensity (data not shown). A solution of 0.5 mM NaNO 2 in 25 mM succinic acid had no detectable signal in this region of the ESR spectra (data not shown). Hydroxyl radicals are generated in the epinephrine oxidative system (26) . The intensity of melanin ESR spectra from melanized cells increased 5% when the cells were suspended in a solution containing all of the components of the epinephrine oxidative system relative to that of equal number of melanized cells suspended in the same solution without H 2 O 2 (electron spin concentrations increased from 1.15 ϫ 10 Ϫ6 to 1.21 ϫ 10 Ϫ6 M, spectra C and D, respectively) (Fig. 3) . A solution containing all components of the epinephrine oxidative system without melanized cells had no signal in this region of the ESR spectra (data not shown). The increase in the intensity of the melanin ESR signal after exposure to nitrogen-and oxygen-derived radicals indicates transfer of unpaired electrons of oxygen-and nitrogen-derived radicals to or from melanin in melanized cells.
Characterization of the melanin-deficient mutant (mel).
A melanin-deficient mutant which produced white colonies in L-dopa plates was selected. After growth in L-dopa agar for more than 1 week, mel colonies turned brown, suggesting partial melanization. Analysis of 2. 
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revealed no spontaneous revertant. The mel mutant had only 1.5% phenoloxidase activity of that found in the parent strain as measured by melanin synthesis in nondenaturing polyacrylamide gels (Fig. 4) . No difference was noted in the apparent sizes of strain 24067 and mel strain phenoloxidase genes by Southern blot analysis of EcoRI-, SspI-, and SalI-digested genomic DNA. ESR spectra of 6-day-old mel mutant cells grown on media containing L-dopa revealed no signal at a g value of 2.0, indicating no detectable melanin (Fig. 1) . No differences in karyotype, ability to grow on minimal medium or at 37ЊC, capsule size, or urease activity were detected between the mel mutant and parental strains (data not shown). mel mutant cells were more susceptible to oxygen-and nitrogenderived free radicals than parental cells were ( Table 1) . Growth of mel cells in media containing L-dopa reduced their susceptibility to nitrogen-derived radicals but not oxygen-derived radicals (Table 1) . Infection of A/J mice (five in each group) with 5 ϫ 10 6 yeast cells resulted in lung and brain infection in 100% (five of five) of mice infected with strain 24067 but only 20% (one of five) of mice infected with the mel mutant strain (P ϭ 0.048; chi-square test) at day 7 of infection. At day 4, the average (n ϭ 10) lung colony counts for mice infected with 5 ϫ 10 6 yeast cells were 78,410 Ϯ 93,063 (mean Ϯ standard deviation) and 5,179 Ϯ 8,380 per g for strain 24067 and the mel mutant, respectively (P ϭ 0.017; t test with unequal variances).
Interaction of melanized and nonmelanized C. neoformans cells with macrophages. In the absence of capsule-binding MAb 2H1, there was no phagocytosis or difference in the numbers of CFU between melanized and nonmelanized cells after incubation with J774.16 cells (data not shown). Phagocytosis of melanized C. neoformans cells in the presence of MAb 2H1 was less than that of nonmelanized cells (Fig. 5) . There was no significant difference in the phagocytosis of nonmelanized strain 24067 and that of the mel mutant. Growth of the mel mutant in the presence or absence of L-dopa had no effect on phagocytosis by J774.16 cells. Surface hydrophobicity of melanized and nonmelanized cells was measured by Sepharose CL-4B hydrophobic interaction chromatography. There was no 
Exposure to oxygen-derived oxidants c Oxygen-derived oxidants were generated chemically with the epinephrine oxidative system (26) . Nitrogen-derived oxidants were generated chemically by dissolving sodium nitrite in acidic buffer as described previously (1, 31) . C. neoformans cells were incubated with oxygen-derived oxidants and nitrogen-derived oxidants for 1.5 and 2 h, respectively. For each experiment, n equals eight measurements. Each experiment was done twice with similar results. d J774.16 macrophage CFU assays were done in the presence of MAb 2H1 with gamma-interferon-and LPS-activated cells as described previously (23) . Values are averages Ϯ standard deviations (n ϭ 10). This experiment was done three times with similar results. difference in the percentages of cells eluted from the gel (53.3% for melanized cells and 53.6% for nonmelanized cells). Melanized cells had consistently higher levels of survival than nonmelanized cells after coincubation with J774.16 macrophage-like cells in the presence of MAb 2H1 (Table 1 ). In contrast, the percent survival of mel mutant cells after exposure to J774.16 cells did not differ regardless of whether the cells were grown in the presence or absence of L-dopa (Table 1) . To investigate whether the reduced efficacy of J774.16 cells against melanized C. neoformans cells was due to a toxic effect of fungal melanin for J774.16 cells, trypan blue exclusion was used to measure the viability of macrophages after ingestion of heat-killed C. neoformans. There was no difference between the viabilities of macrophages ingesting heavily melanized C. neoformans and of those ingesting nonmelanized C. neoformans.
DISCUSSION
The black pigment made by C. neoformans on media containing L-dopa has been assumed to be a melanin on the basis of fungal phenoloxidase activity (25) and histochemical staining with reducing silver stains (16) . Melanins are difficult molecules to study because they are insoluble, heterogeneous, and resistant to enzymatic or chemical degradation (8, 12) . Melanins are polyanions which contain stable populations of free radicals (8) . The presence of unpaired electrons in melanins produces ESR spectra which can be used to identify and define them (8) . The ESR signal decreased in intensity after melanized cells were suspended in acidic solution. These changes in intensity are characteristic of melanins and show that the black pigment of C. neoformans is a type of melanin (8) . Electron micrographs revealed increased electron density in the cell walls of melanized cells, localizing the melanin to the cell wall. An electron-dense cell wall has been observed by electron microscopy of C. neoformans in human tissues (28) and after melanization in vitro (29) . Melanin appears to be concentrated in the inner aspect of the cell wall. This is in contrast to W. dermatitidis, where increased electron density in melanized cells was in the outer aspect of the cell wall (34) . The location of melanin in the cell wall places it in position to interact with substances in the extracellular milieu and prevent their penetration into cells.
Melanized cells are less susceptible to killing by oxygen-and nitrogen-derived radicals (14, 31) . Melanins are efficient freeradical scavengers (2, 12, 19, 20) , and C. neoformans melanization may protect fungal cells by scavenging fungicidal freeradical species (14, 31) . The intensity of ESR signals of melanized C. neoformans increased when cells were suspended in solutions where oxygen-and nitrogen-derived radicals were generated. The increase in the intensity of melanin ESR spectra indicates an increase in the number of unpaired electrons and implies electron transfer between chemically generated free radicals and cell wall melanin. The changes in ESR signal intensity provide strong evidence for the interaction of melanin molecules with free radicals and support a model where melanins enhance virulence by protecting against free-radical fluxes generated by immune effector cells.
Melanin production by C. neoformans has been associated with virulence (17, 18, 27) . The melanin-deficient mutant (mel) synthesized ϳ100-fold-less melanin and was less virulent than the parental strain. The mel mutant was more susceptible to oxygen-and nitrogen-derived reactive species than the parental strain 24067. Growth in media containing L-dopa did not reduce the susceptibility of mel to oxygen-derived radicals. However, growth in media with L-dopa reduced the susceptibility of mel cells to nitrogen-derived reactive species, suggesting that even a small amount of melanin may provide significant protection against reactive nitrogen species. These results provide additional support for a model in which melanin enhances virulence by protecting against free radicals produced by host effector cells.
Melanized C. neoformans cells were more resistant to the fungicidal and fungistatic effects of J774.16 cells than nonmelanized cells. The mechanism by which J774.16 cells reduce C. neoformans CFU in the presence of specific antibody probably involves fungal cell damage by oxygen-and nitrogen-derived free radicals (5) and fungicidal proteins (11) produced by activated cells (see reference 23). MAb 2H1-mediated phagocytosis can enhance nitrate production by J774.16 cells (21) , and nitric oxide is an important antimicrobial molecule against C. neoformans (37). Macrophages mediate anti-C. neoformans activity extracellularly and intracellularly, and phagocytosis can enhance antifungal efficacy (10) . Melanized cells were more resistant to antibody-mediated phagocytosis than nonmelanized cells. Phagocytosis of C. neoformans can be affected by the surface hydrophobicity and charge of microorganisms (15) . No difference in surface hydrophobicity was detected by Sepharose CL-4B hydrophobic interaction chromatography. Since some melanins are charged polymers (35) and the phagocytic ability of neutrophils and monocytes is inversely correlated with cell charge (7, 30) , melanized cells may resist phagocytosis by surface charge effects. Thus, the mechanism by which melanin enhances the resistance of C. neoformans to J774.16 cells may be a combination of reduced phagocytosis and protection against oxygen-and nitrogen-derived antimicrobial products produced by these cells after gamma interferon and lipopolysaccharide (LPS) activation (5) .
In summary, C. neoformans synthesizes melanin. Melanin (or a melanin-associated agent) appears to contribute to virulence by enhancing resistance of fungal cells to attack by immune effector cells. Melanin may function in a manner analogous to that of mycobacterial glycolipids, which are efficient free-radical scavengers (4). These results suggest that inhibition of the C. neoformans phenoloxidase pathway is a potential strategy for drug discovery.
